Multinuclear three-dimensional solid-state MRI of bone, tooth, and synthetic calcium phosphates is demonstrated in vitro and in vivo with a projection reconstruction technique based on acquisition of free induction decays in the presence of fixed amplitude magnetic field gradients. Phosphorus-31 solid-state MRI provides direct images of the calcium phosphate constituents of bone substance and is a quantitative measurement of the true volumetric bone mineral density of the bone. Proton solid-state MRI shows the density of bone matrix including its organic constituents, which consist principally of collagen. These solid-state MRI methods promise to yield a biological picture of bone richer in information concerning the bone composition and short range-crystalline order than the f luid-state images provided by conventional proton MRI or the density images produced by radiologic imaging techniques. Three-dimensional solidstate projection reconstruction MRI should be readily adaptable to both human clinical use and nonmedical applications for a variety of solids in materials science.
The solid substance (1) of cancellous and compact bone, consisting of solid phases of calcium phosphate mineral and organic matrix, is most often characterized in vivo by noninvasive methods including ionizing radiation, among which are emission tomography based on radiolabeled pharmaceuticals, x-ray computed tomography, and dual energy x-ray absorptiometry. One of the few nonradiative methods is conventional (i.e., fluid state) proton NMR imaging (or MRI), which has been used recently to characterize the total bone substance (mineral plus matrix) in a specific region of cancellous bone tissue indirectly by imaging the marrow space. In effect, a negative image of the bone substance is produced. If the image has sufficiently high spatial resolution such that the marrow spaces between the bony trabeculae are resolved (which is difficult to achieve for humans in vivo), the microarchitectural details of the trabecular network may be geometrically analyzed in various ways (2) , and the volume fraction of bone substance (which is related to the bone mineral density) may be determined. If the image has insufficient spatial resolution, signal dephasing caused by the microscopic distribution of magnetic susceptibility discontinuities between marrow and bone substance can be used to derive information (e.g., textural information) about the trabecular network (3, 4) , which may or may not be related to the mass of bone.
However, none of the noninvasive characterization methods is capable of yielding direct information concerning the masses of bone mineral and matrix independently and are, therefore, incapable of yielding the extent of mineralization (the ratio of actual mineral density to full potential mineralization). Most importantly, they provide no information about the chemical composition or chemical structure of the mineral.
Bone mineral is a nonstoichiometric calcium-deficient apatite, whose crystal structure is basically that of the synthetic or geological mineral hydroxyapatite, Ca 10 (OH) 2 (PO 4 ) 6 . Although the overall crystal structure and composition of bone apatite are similar to those of hydroxyapatite, there are highly significant compositional and functional differences between bone apatite and hydroxyapatite. These differences include smaller crystal size, reduced short-range crystalline order, the absence of OH Ϫ groups, and the presence of CO 3 2Ϫ and HPO 4 2Ϫ groups in bone apatite. (1, (5) (6) (7) (8) (9) . In addition, the HPO 4 2Ϫ in bone apatite is distinctly different in its environment from HPO 4 2Ϫ in synthetic hydroxyapatites and other calcium phosphate phases containing HPO 4 2Ϫ groups (8) . These differences markedly affect the reactivity of bone crystals with ions and organic constituents present in extracellular fluids and in bone cells and, therefore, also affect the ability and effectiveness of bone apatite crystals in participating in the various biological and structural functions of the crystals in vivo (1) . Importantly, these compositional and structural differences change significantly with the time that the crystals remain in the tissue (crystal maturation). Thus, the changes reflect the local and͞or systemic rates of bone formation and resorption, i.e., the changes reflect the metabolism of bone tissue locally and͞or systemically.
It is for this reason that a new approach, reported in this paper, has been developed to characterize bone by a method that is sensitive to the chemical composition and structure of bone apatite crystals; also, this method can, in principle, provide the true volumetric mass densities of bone mineral and matrix independently. Based on solid-state MRI, this methodology is compatible with the safety and tolerance concerns appropriate for living subjects. The ability to quantitatively image mineral and matrix chemistry, in addition to measuring true volumetric mineral and matrix density, in vivo, should prove extremely useful in studying bone growth, healing, and disease noninvasively. Frequent repeated examinations of patients would pose no risk caused by exposure to ionizing radiation, which is especially important in young and growing children and women of childbearing age.
Bone mineral and other solids have been generally regarded as beyond the purview of MRI because of the difficulty of eliciting and acquiring magnetic resonance (MR) signals from nuclei with exceedingly short spin-spin relaxation times (T 2 s).
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. (11, 12) . Most solid-state MRI techniques are not suitable for living systems because they require high-power radiofrequency (RF) or magnetic field gradient pulses of uniform intensity that may be impractical over large volumes or hazardous to live subjects.
MR is distinguished from the majority of other imaging modalities because it is richly endowed with information content carried in the form of relaxation and chemical shift information reflecting underlying molecular dynamics and structure. It is this inherent ability to reflect the microphysiology of tissues that makes MR so diagnostically powerful. In solids, although both spectral resolution and signal-to-noise ratio are much lower than in fluid systems, a broader variety of relaxation times and chemical shift parameters are operative, and these parameters can be used to characterize the material or subject under study. Thus, the motivation for the present work is to develop means to quantitatively image bone mineral chemistry and chemical structure, as well as image the mineral and matrix densities separately. This additional information will be a useful adjunct to the basic morphological and density characterization afforded by existing radiologic techniques.
Solid-state MRI differs radically from conventional (i.e., fluid-state) proton MRI used to characterize bone mineral: fluid-state proton MRI derives information concerning bone mineral indirectly by imaging the fluid of the marrow space, whereas the solid-state technique detects the mineral or matrix directly. Methods for solid-state MR spectroscopy of living subjects have been published (13-18, ʈ), as have reports of MRI of bone protons associated with bone mineral** † † or tooth (19) . Our laboratory has reported the application of free induction decay projection imaging for measuring true volumetric bone mineral density in ex vivo specimens of bone (20) .
In the present report we demonstrate methods to obtain three-dimensional MR phosphorus-31 ( 31 P), fluorine-19 ( 19 F), and hydrogen-1 (proton or 1 H) images of bone, tooth, and synthetic calcium phosphates, progressing from examples of isolated dry specimens to specimens with soft tissues intact and finally to an in vivo study involving chemically sensitive imaging. These methods, which avoid the rapidly switched field gradients and intense RF power levels usually used in solidstate MR, are readily adaptable to studies in human subjects.
EXPERIMENTAL DETAILS
Teeth were intact extractions containing no metallic restorations. In vitro bone specimens were cut from sections of long bones: typically 2-cm-long transverse sections of porcine, bovine, or ovine mid-diaphyseal tibiae. Some specimens were cleaned of soft tissue and dried, and some were maintained relatively hydrated with soft tissue and muscle intact (for these specimens enough of the overlying skin and muscle were removed to fit the RF coil). Synthetic calcium phosphates were obtained from commercial sources: hydroxyapatite, Ca 10 (OH) 2 (PO 4 ) 6 , was from Aldrich, and fluoroapatite, Ca 10 
RESULTS AND DISCUSSION
Simple 3D imaging is illustrated by Fig. 1 , which shows the 31 P solid-state MRI of an extracted human molar at 2.0 T. The three 2D views are orthogonal planes (in approximately the buccal-lingual, crown-apical, and mesial-distal orientations) selected from the full 3D data set. The dense crown regions are required to bear the greatest load during mastication and yield the brightest intensity in the 2D views because of the greater mass density of mineral. The accompanying photographs of the specimen posed in the three orientations demonstrate the correspondence between the actual specimen and the MRI data; however, the photographic views only approximate the actual orientation of the specimen during imaging and may be somewhat angulated with respect to the precisely determined MRI views. The spatial resolution is about 3 mm. It should be noted that the 2D images are slices from the 3D data set, not projective views (i.e., not integrated along the normal to the view plane) as would be obtained in plain film radiography or dual energy x-ray absorptiometry.
The presence of soft tissues poses no problem with artifacts for background 31 P signals. Fig. 2 shows a section of freshly dissected porcine tibia, similarly imaged as above but with the soft tissues intact and fully hydrated. Because the concentration of phosphorus in bone is larger than that in soft tissue by several orders of magnitude, the 31 P MR signal from solution metabolites (PCr, ATP, P i , etc.) does not interfere with the signal from bone, despite the solution signals being spectrally quite narrow and, therefore, of intrinsically high receptivity and conspicuity.
Solid-state bone MRI need not necessarily be limited to 31 Bone may also be imaged with 1 H solid-state MRI to show the total hydrogen content. Fig. 3 compares corresponding slices from the 4.7 T 31 P and 1 H 3D images of a specimen of porcine bone with soft tissues intact. Because the solid-state proton image shows protons in all of the solid phases (mineral and matrix) as well as in the soft tissues, areas of dense bone substance appear bright. However, in conventional proton MRI, bone substance appears dark because the solid phases yield no signal as a result of their very short T 2 . The fluid proton contribution to the total proton image may be removed by subtracting an image that is weighted to exclude short T 2 components, e.g., by including a spin echo with long echo time in the pulse sequence.
Having multiple multinuclear images of the same volume permits the creation of derived images representing other characteristics of the subject by computing the derived images from the original images on a pixel-by-pixel basis (25) . For example, because most of the proton signal from mineralized bone substance arises from the organic matrix, the proton and phosphorus images could be used to compute on a pixel-bypixel basis the ratio of intensities of the phosphorus image (which measures only mineral) and the solid-state proton image (which measures mostly matrix), to obtain a new image showing the extent of mineralization. Such image data are not obtainable by any other noninvasive method. Bone mineral density is often (and incorrectly) used to express the total density of bone substance (26) . However, there is evidence that osteoporosis, for example, is a heterogeneous disease in which subgroups of patients are characterized by normal and reduced extent of mineralization (27) . Similar situations also exist in rapidly synthesized total bone mass, as occurs, for instance, in fracture healing, where mineralization lags significantly behind the synthesis of the organic matrix. This could have profound implications for the effective management of such clinical conditions if both mineral and matrix densities can be separately measured noninvasively in this manner. (25), as has been done in Fig. 4 . Such material-based discrimination between calcium phosphates of only subtly differing chemistry and chemical structure is impossible with radiologic techniques.
The principles in the previous paragraph are illustrated in Fig. 5 , which shows several slices of the chemically sensitive 31 P image of the right mid-femoral region of a live 5.5-kg New Zealand White rabbit. ␤-Tricalcium phosphate (TCP) was packed tightly into a 3-mm-diameter by 2-mm-long cylinder and inserted into a hole drilled transversely through the cortex of the right distal femur. The 31 P image was obtained at 4.7 T, by using a 90°RF pulse flip angle. The 31 P T 1 of the live rabbit femur is 10 s in vivo, whereas that of TCP is 0.6 s. The large flip angle causes saturation of the bone signal but not that of the TCP implant. This technique could provide a considerable advantage in studying noninvasively the remodeling of bioactive materials in the body.
CONCLUSIONS
The primary advantage of solid-state MRI over other imaging techniques for synthetic calcium phosphates and bone is the sensitivity of MRI to chemical composition and structure. Its spatial resolution and sensitivity (which may be traded off with imaging time) are inherently low, making imaging times rather long, but still tolerable for live subjects, including humans. Additional spatial resolution may be gained only with enormously increased imaging time (12, 21, 22) . However, the spatial resolution obtainable is adequate for many purposes, and when coupled with the chemical sensitivity, ability to resolve mixtures, and quantitative accuracy of MRI, the method can offer powerful advantages over conventional radiologic techniques for particular problems. These problems potentially include quantitative characterization of bone mineral and bone matrix (from which the extent of mineralization may be determined), the uptake of fluorinated tracers in bone, and the characterization of the remodeling process, in which   FIG. 4 . Phosphorus-31 solid-state 3D projection reconstruction MR image of a section of the metaphyseal portion of porcine tibia containing a small capsule of synthetic hydroxyapatite powder to simulate a calcium phosphate-based prosthetic implant. The hydroxyapatite and the bone mineral, although chemically highly similar calcium phosphates, exhibit different MR spin lattice relaxation times T1. Two raw MR images, each with a different T1 sensitivity, were obtained and then appropriately combined on a pixel-by-pixel basis to yield chemically pure images of each material. The two images were then separately colorized and overlaid to produce the composite image. MR is unique among all 3D imaging methods applicable to solid materials, such as bone, ceramics, and polymers, because of its great sensitivity to chemical composition. FIG. 5 . Successive slices of a chemically sensitive phosphorus-31 solid-state 3D MR image of the mid-diaphyseal region of the femur of a live rabbit after surgical implantation of a cylinder of TCP, a prosthetic material commonly used for bone defect repair. The TCP mass projects partly out of the cortex (dense shell) of the femur. Enhancement of the TCP signal relative to the native bone mineral signal was achieved by using a large 90°RF pulse flip angle, which saturates the long T1 bone signal but not that of the short T1 implant material.
both native bone mineral and synthetic calcium phosphates (implanted materials as well as transient intermediate phases) are identified, quantified, and selectively imaged.
These imaging methods could be readily applied to many nonmedical materials and have been in 2D form (15, 28, 29) , although 2D images are incapable of yielding volumetric densities. The most interesting potential applications of the 3D imaging methods introduced here include those for which solid-state chemistry can vary with position within the specimen, as in ceramic or polymeric systems produced in situ by chemical reaction, or in which spatially dependent degradation processes occur.
